Oxidation of Al-Ti mechanical alloys with Ti concentrations from 5 to 25 at% was studied and compared to the oxidation of Al powders using thermal analysis in the temperature range of 300 -1500 ºC in oxygen. Differential scanning calorimetry (DSC) and differential thermal analysis (DTA) with simultaneous thermo-gravimetric analysis (TGA) were used to monitor phase changes and oxidation reactions. Intermediate reaction products were recovered at different temperatures and analyzed using x-ray diffraction (XRD) and scanning electron microscopy (SEM). Oxidation of all samples occurred stepwise. The temperature of the first oxidation step for Al-Ti mechanical alloys correlates with the exothermic formation of the Al 3 Ti intermetallic at T>700 ºC and has a higher rate and greater degree of oxidation than the first oxidation step observed for pure aluminum. The second and third oxidation steps in mechanical alloys and aluminum occur at higher temperatures and both appear to be controlled by changes in the permeability of the Al 2 O 3 films. The effect of the Al 2 O 3 film becomes less noticeable at increased Ti concentrations.
INTRODUCTION
Metallic additives to energetic formulations in propellants, explosives, or pyrotechnics improve performance due to their high combustion enthalpies [1] . However, the potential of metallic fuels is not fully exploited, mainly due to slow kinetics that lead to long ignition delays, high ignition temperatures and incomplete combustion. Metastable metal-based materials have been proposed to improve ignition and combustion rates due to additional phase transitions occurring before, or during combustion [2] . Recently some of these materials have been prepared using mechanical alloying and their combustion behavior was compared to that of pure metals [3] [4] [5] . The results confirmed that the combustion rates can be significantly accelerated and further research aimed to optimize the composition and phase makeup of the new metalbased materials and scale-up their manufacturing seem to be warranted. Also, the mechanisms of ignition and combustion of the new materials need to be understood and the correlations between phase transitions and observed ignition and combustion events need to be established This paper discusses oxidation processes of mechanical alloys (MA) in the Al-Ti binary system with Ti concentrations of 25 at-% and less. One of the objectives of this research is to determine whether oxidation is affected by the identified phase changes so that ignition models for these novel materials could be developed in the future. Another objective, also aimed at further development of ignition models, is to establish experimentally a sequence of initial oxidation steps in the Al-Ti MA. The approach of this investigation is to use controlled sample heating in oxidative environment and exploit DSC and DTA with simultaneous TGA to monitor phase changes and oxidation reactions. For identification, intermediate reaction products are being collected and analyzed using XRD and SEM.
EXPERIMENTAL

Sample preparation
Pure Al (Alfa Aesar, 98%, 10 -14 µm) and Ti (Alfa Aesar, 99%, -325 mesh) powders were used as starting materials for the production of mechanical alloys and for thermal analysis of the component metals. 25 were prepared in a SPEX 8000 high-energy ball mill. A zirconia vial and zirconia balls were used to provide a chemically clean environment during milling. Batches of 5 g of each material were milled under Ar atmosphere, limited by the size of the milling vials and by safety considerations. Balls were 10 mm in diameter, with a ball-to-powder mass ratio of 10. Size and total weight of the balls affect the milling time required to achieve the final state; a milling time of 15 hours was required in the present study. Further, 2 wt-% of stearic acid (CH 3 -(CH 2 ) 16 -COOH) were added during milling as a process control agent (PCA) to act against the formation of large agglomerates and to balance fracturing and cold-welding in the sample powders. Milling usually raises the temperature of the sample to 50 -60 °C. After milling, the vials were cooled in room air and slowly vented. The powders were then dried at room temperature under a 25 in Hg vacuum to remove excess PCA. Thermal Analysis DSC, DTA and TGA were performed in a Netzsch Simultaneous Thermal Analyzer STA409 PC. Both, DSC and DTA were calibrated for temperature with the melting points of a set of metal standards. The temperature is accurate within ±1 K. The sensitivity of the DSC was calibrated using the known heat capacity of a sapphire standard. Gas flow rates were 10 ml/min for Ar and 50 ml/min for O 2 .
Experiments in argon were performed in DSC mode, while experiments in oxygen were performed in DTA mode to avoid damage to the DSC measuring head. Samples were contained in alumina crucibles. Sample sizes were 15 -20 mg and the heating rate was 15 K/min.
To recover intermediate oxidation products for further analysis by XRD, the furnace power was turned off at predetermined temperatures, and the atmosphere was replaced with argon. The effective cooling rate achieved this way is estimated to be about 40 K/min.
CHARACTERIZATION OF Al-Ti MECHANICAL ALLOYS
A detailed experimental study of Al-Ti MA has been reported in ref [6] ; the main results are briefly summarized below. SEM analysis of the cross-sectioned powders of mechanical alloys showed them to be chemically homogeneous within the resolution limit of the instrument, ~10 nm, with increasing non-homogeneity at increasing Ti content. The areas with a visible phase contrast as shown in Fig. 1 , were rare. Figure 2 shows the DSC traces for all MA compositions heated up to a maximum temperature of 1500 °C. All the observed DSC peaks can be broadly classified as those implied by the equilibrium Al-Ti phase diagram [7] and peaks showing non-equilibrium transitions.
Both equilibrium peaks are endothermic: the eutectic melting of Al at 660 °C (not observed for Al 0.80 Ti 0.20 and Al 0.75 Ti 0.25 alloys) and the liquidus occurring in the temperature range of 1200-1400 °C, depending on the alloy bulk composition. The non-equilibrium peaks include relatively small and broad exothermic subsolidus transitions observed below 600 °C, an exothermic peak near 750 °C present in lower-Ti concentration alloys, and an endothermic peak near 900 °C observed for all compositions with less than 25% Ti. In the subsolidus region, exothermic transitions are associated with formation of a series of successively less metastable Al 3 Ti phases from the original MA [6, 8] . Upon further heating, free Al present in the alloys with lower Ti contents, melts at 660 °C, the equilibrium eutectic temperature. An exothermic transition observed between 700 °C and 750 °C, has been ascribed previously to the formation of the equilibrium phase of Al 3 Ti [6, 8] . A second endothermic peak observed around 900 °C is interpreted as nonequilibrium melting of nano-sized Al inclusions, trapped within the formed Al 3 Ti matrix [9] . Following at still higher temperatures endothermic peaks are observed near the actual liquidus temperatures for each composition, implying a relatively slow rehomogenization process over the temperature range ~900 °C -T liq . 
RESULTS
Qualitatively different trends in the results of thermal analysis were observed for compositions with 15 at-% of Ti and below, and for compositions with 20 at-% of Ti and above. Figure 3 shows the results of DTA and TGA measurements for the compositions of Al 85 Ti 15 , and Al 75 Ti 25 selected as representative examples of these two groups of materials. For comparison, DSC traces measured for the same alloys in argon are also shown. Gradual oxidation starts for all alloys above 400 °C. The effect becomes more prominent with increasing Ti concentration. Above 660 °C, Al 85 Ti 15 shows three distinct oxidation steps. The first two steps follow the endothermic melting peaks observed in both argon and oxygen environments. The third step was observed at less reproducible temperatures and was occasionally accompanied by a rapid reaction as in the example shown in Fig. 3 . Oxidation of the Al 75 Ti 25 MA proceeds more gradually, and only the two steps at higher temperatures could be distinguished. The TGA traces for pure Al and all the Al-Ti alloy compositions are shown in Fig. 4 . Three oxidation steps, similar to those observed for the alloys with lower Ti concentrations are also observed in the DTA oxidation trace for pure Al. However, the onset of the first oxidation step is observed at a noticeably lower temperature. The second oxidation step for pure Al also starts at a lower temperature than it does for the low-Ti concentration mechanical alloys. Mass changes for different oxidation steps as function of Ti concentrations are shown in Fig. 5 . In addition, a line is shown indicating the mass increase calculated for the complete oxidation of each composition. While the mass gained in the first and second steps decreases with increasing Ti concentration, the third step increases. However, for Ti concentrations of 20 at-% and higher, oxidation was increasingly incomplete. For all the alloys, the first and second steps are roughly proportional to each other.
Examples of the XRD patterns for the mechanical alloys partially oxidized to and recovered from specified temperatures are shown in Fig. 6 . X-ray phase analysis showed the presence of Al, Al 3 Ti, α-Al 2 O 3 , δ-TiO, and Al 2 TiO 5 . Semi-quantitative analyses of the XRD patterns have shown that the initial oxidation products, Al 2 O 3 and δ-TiO are first observed at 800 °C for all compositions. Al 2 TiO 5 was not detectable in the diffraction patterns up until temperatures higher than 1400 °C. The only trend apparent from the analysis was the decrease of δ-TiO when the 
DISCUSSION
Oxidation for aluminum and Al-Ti mechanical alloys proceeds stepwise. The first step of Al oxidation at ~ 590 ºC occurs before melting. For mechanical alloys, the first oxidation step occurs after Al melting and coincides with the exothermic transition observed when the alloys were heated in Ar. This exothermic transition was attributed to the formation of Al 3 Ti [6, 8] and therefore, it is suggested that the first oxidation step in the mechanical alloys indicates the oxidation of the newly formed intermetallic phase. This hypothesis is in agreement with the results of the XRD phase analysis showing significant growth of both, α-Al 2 O 3 and δ-TiO in the products recovered after the first oxidation step. The nature of the first oxidation step in Al is unclear. One possible explanation for an early oxidation could be the presence of impurities.
Another explanation could be suggested based on recent research [10] where it was shown that at temperatures above 400 ºC, an amorphous aluminum oxide film exceeding a critical thickness transforms into crystalline γ-Al 2 O 3 . It was further shown that this transformation is accompanied by a change in the oxidation rate-limiting transport mechanism: the outward Al Step 2 nd Step 3 rd Step Total of Steps cation diffusion through an amorphous film is replaced with inward oxygen diffusion along the γ-Al 2 O 3 grain boundaries [10] . Thus, a pronounced acceleration of the oxidation rate could be observed. The second oxidation step occurs in the range 950 °C -1000 °C for both Al and mechanical alloys. An accelerated oxidation of aluminum powders in this temperature range has been reported earlier [11] , however, it has not been consistently explained. It is reasonable to expect that the protective properties of the oxide film start deteriorating at elevated temperatures, e.g., because of mechanical stresses developed due to a difference in the thermal expansion coefficients of Al and Al 2 O 3 [12] or simply because of the accelerated diffusion rates. While further work is needed to clarify the mechanism of this oxidation step observed for Al, it is clear that a related mechanism could be responsible for an oxidation step observed in the same temperature range for the aluminum-rich Al-Ti mechanical alloys investigated here. In addition, the nonequilibrium aluminum melting occurs in the Al-Ti mechanical alloys heated in inert atmosphere in the same temperature range. The formed aluminum melt is expected to actively oxidize, also contributing to the observed second oxidation step. However, the oxidation of this newly formed melt is unlikely the primary cause of the second oxidation step, discernible for the Al 0.75 Ti 0.25 alloys (cf. Fig. 4 ) for which no non-equilibrium melting was observed (Fig. 2 ) Generally, the suggested primary oxidation of Al during this oxidation step is consistent with the results of the XRD phase analyses of the recovered samples, showing an active formation of Al 2 O 3 between 800 and 1000 ºC. The final oxidation step in the range of 1200 °C -1400 °C is also observed for both Al and Al-Ti mechanical alloy powders. The acceleration in the rate of oxidation in this temperature range is more noticeable for the alloys with smaller Ti concentrations, whereas for the Al 0.80 Ti 0.20 and Al 0.75 Ti 0.25 alloys, the rate of mass increase is nearly unchanged (cf. Fig. 4 .) The observed mass increase for all the alloys is accompanied with the formation of ternary oxide Al 2 TiO 5 and continued production of Al 2 O 3 . Although in this temperature range all the mechanical alloys approach the liquidus point, the correlation between the peak temperature of the third oxidation step and the liquidus point is poor. As the concentration of Ti increases, the liquidus point shifts towards higher temperatures (cf. Fig. 2 ), but the peak temperature of the third oxidation step shifts in the opposite direction (Fig. 4. ) Thus, it is suggested that the changes in the protective properties of the Al 2 O 3 films are, once again, responsible for this final oxidation step in both Al and Al-Ti mechanical alloys. These changes are more significant for the alloys with lower Ti concentrations, whereas mixed oxide layers and ternary oxides formed for the alloys with higher Ti concentrations are more permeable than Al 2 O 3 and afford a more continuous oxidation.
Based on this study, an accelerated ignition of the Al-Ti mechanical alloys as compared to pure aluminum could be expected due to their higher oxidation rate and degree of oxidation occurring during the initial oxidation step. This reasoning also indicates that the alloys with lower Ti concentrations could be more promising because the overall oxidation rates and completeness during the first oxidation step decrease with increased Ti content. The alleviation of the protective properties of the Al 2 O 3 films at higher temperatures is more noticeable in the alloys with higher Ti concentrations. However, this effect could be less attractive for combustion applications because it is accompanied with the overall decrease of the oxidation enthalpy. Further research quantifying the thermal kinetics of the observed oxidation steps for Al and Al-Ti mechanical alloys would enable us to better predict the correlation of the low-rate oxidation reactions with the very fast ignition processes occurring in combustion applications.
CONCLUSIONS
Oxidation of aluminum powders and Al-Ti mechanical alloys with Ti concentrations from 5 to 25 at% in the temperature range of 300 -1500 ºC occurs in three steps. The first oxidation step for Al-Ti mechanical alloys correlates with the exothermic formation of the Al 3 Ti intermetallic at T>700 º and has a higher rate and greater degree of oxidation than the first oxidation step observed for pure aluminum. The second and third oxidation steps in mechanical alloys and aluminum occur at higher temperatures and both appear to be controlled by changes in the permeability of the Al 2 O 3 films. The effect of the Al 2 O 3 film becomes less noticeable at the increased Ti concentrations.
